The important anticancer drugs, vinblastine, vincristine and analogs, are composed of the monoterpenoid indole alkaloids (MIAs), catharanthine and vindoline, found uniquely in the medicinal plant, Catharanthus roseus. While 26 genes involved in the assembly of these two MIAs are known, two key reactions have eluded characterization to complete the documentation of the vinblastine pathway in this plant species. The assembly of these dimeric MIAs requires O-acetylstemmadenine oxidase (ASO) and a dual function geissoschizine synthase (GS) that reduces cathenamine to form geissoschizine, and that also reduces the ASO product to form a common intermediate for subsequent conversion by four separate hydrolases to catharanthine, tabersonine or vincadifformine, respectively. The in planta role of ASO is supported by identifying a single amino acid-substituted ASO mutant with very low enzyme activity and by virus-induced gene silencing of ASO to produce plants that accumulate O-acetylstemmadenine rather than catharanthine and vindoline found in wild-type (WT) plants. The in planta role of GS is supported by showing that a low GSexpressing mutant accumulating lower levels of catharanthine and vindoline also displays significantly lower tabersonine-forming activity in coupled enzyme assays than in the WT background. Gene expression analyses demonstrate that both ASO and GS are highly enriched in the leaf epidermis where the pathways for catharanthine and tabersonine biosynthesis are expressed. The full elucidation of this canonical pathway enables synthetic biology approaches for manufacturing a broad range of MIAs, including these dimers used in cancer treatment.
INTRODUCTION
The discovery and development of vinblastine from the medicinal plant Catharanthus roseus (Madagascar periwinkle) was a milestone in cancer chemotherapy. As a result, several major monoterpenoid indole alkaloid (MIA) drugs (vinblastine, vinorelbine, vincristine, vindesine, vinflunine) are in current use for treatment of different types of cancers, and have led to great efforts and progress to learn how plants manufacture these drugs (Le Men and Taylor, 1965; Szab o, 2008; De Luca et al., 2012) . The assembly of loganic acid from geranyl diphosphate involves seven genes preferentially expressed in specialized cells in the leaf mesophyll termed 'internal phloem-associated parenchyma' cells (Asada et al., 2013; Salim et al., 2013 Salim et al., , 2014 Simkin et al., 2013; Miettinen et al., 2014;  Figure 1 ) that lead to the formation of loganic acid. Mobilization of loganic acid to the leaf epidermis converts it through methylation and oxidative ring opening to form the MIA precursor, secologanin. A leaf epidermis localized tryptophan decarboxylase generates the tryptamine that combines with secologanin, mediated by strictosidine synthase, to form the strictosidine central intermediate involved in the formation of thousands of MIAs (Geu-Flores et al., 2012; Asada et al., 2013; Salim et al., 2013 Salim et al., , 2014 Miettinen et al., 2014; Brown et al., 2015;  Figure 1 ). The conversion of strictosidine to aglycone intermediates is mediated by strictosidine b-glucosidase.
Recently, we demonstrated that the multistep biochemical assembly of tabersonine and catharanthine from strictosidine aglycone involves seven functionally characterized genes together with at least one other C. roseus protein requiring NADPH as a co-substrate (Qu et al., 2018a,b) . These included geissoschizine synthase (GS), geissoschizine oxidase (GO), Redox1, Redox2 and stemmadenine O-acetyltransferase (SAT; Figure 1 ). It was also discovered that hydrolase 1 and hydrolase 2 were responsible for the formation of the aspidosperma MIA, tabersonine and the iboga MIA, catharanthine, respectively, from a common uncharacterized reaction product of O-acetylstemmadenine (OAS; Qu et al., 2018a,b) . The formation of vindoline from tabersonine involves a series of seven biochemical reactions (De Luca et al., 1985; De Carolis and De Luca, 1993; Levac et al., 2008; Liscombe et al., 2010; Besseau et al., 2013; Qu et al., 2015) , and it was recently shown that an engineered yeast strain expressing these seven genes accumulated vindoline when it was provided tabersonine (Qu et al., 2015) . With these discoveries, at least 26 genes appear to be involved in the assembly of catharanthine and vindoline that may then be coupled to form vinblastine and vincristine by a peroxidase-mediated reaction (Sottomayor and Ros Barcel o, 2003) .
The gene(s) involved in conversion of OAS to the acylated intermediate accepted by hydrolase 1 or by hydrolase 2 remained to be characterized, and the present study describes the discovery of the two remaining steps involved (Figure 1 ). We report that O-acetylstemmadenine oxidase (ASO) converts OAS to reactive acetylated intermediates, and that GS possesses a second function to reduce the ASO reaction product in the catharanthine/ tabersonine pathway. During the review of this manuscript, another study (Caputi et al., 2018) described the same oxidase [precondylocarpine acetate synthase (PAS)] and a different cinnamyl alcohol dehydrogenase-like enzyme (CAD) named dihydroprecondylocarpine synthase (DPAS) to be involved in these two steps. This present study also describes hydrolases 3 and 4 that convert the ASO/GS Figure 1 . The assembly of catharanthine, tabersonine, vincadifformine and vindoline from geranyl diphosphate and tryptophan involves 30 biochemical steps: geraniol synthase (GES 1 ), geraniol-10-hydroxylase (G10H 2 ), 10-hydroxygeraniol oxidoreductase (10HGO 3 ), iridoid synthase (IRS 4 ), iridoid oxidase (IRDOX 5 ), deoxyloganetic acid glucosyltransferase (DLGT 6 ), deoxyloganetic acid hydroxylase (DL7H 7 ), loganic acid-O-methyltransferases (LAMT 8 ), secologanin synthase (SLS 9 ), tryptophan decarboxylase (TDC 10 ), strictosidine synthase (STR 11 ), strictosidine b-glucosidase (SGD 12 ), geissoschizine synthase (GS 13 ), geissoschizine oxidase (GO 14 ), (Redox1 15 ), (Redox2 16 ), stemmadenine O-acetyltransferase (SAT 17 ), O-acetylstemmadenine oxidase (ASO 18 ), geissoschizine synthase (GS 19 ), hydrolase 1 (HL1 20 ), hydrolase 2 (HL2 21 ), tabersonine 16-hydroxylase (T16H 22 ), 16-hydroxytabersonine 16-O-methyltransferase (16OMT 23 ), tabersonine 3-oxidase (T3O 24 ), tabersonine 3-reductase (T3R 25 ), 2,3-dihydro-3-hydroxytabersonine-N-methyltransferase (NMT 26 ), desacetoxyvindoline 4-hydroxylase (D4H 27 ), deacetylvindoline 4-O-acetyltransferase (DAT 28 ), hydrolase 3 (HL3 29 ), hydrolase 4 (HL4 30 ). The proposed intermediates generated by ASO and GS that could not be detected by LC-MS likely due to their instability are depicted within the brackets, and the arrows indicate possible electron movement for the rearrangement of these intermediates during catalysis.
(PAS/DPAS) reaction products to vincadifformine. The full elucidation of this canonical pathway showcases the complexity and plasticity of MIA biosynthesis, and paves the way for transfer of the vinblastine pathway and other valuable MIAs via synthetic biology approaches.
RESULTS
Identification of a berberine bridge enzyme-like oxygenase involved in the assembly of catharanthine and tabersonine from O-acetylstemmadenine A series of reactions involving GS, GO, Redox1, Redox2 and SAT convert strictosidine aglycones to the critical intermediate OAS (Qu et al., 2018a,b) . The OAS is subsequently converted by an NADPH-requiring reaction found in C. roseus total leaf protein and hydrolase 1 (HL1) or hydrolase 2 (HL2) to catharanthine and tabersonine, respectively (Qu et al., 2018a) . Based on the possible chemistry involved, we proposed that OAS is likely oxidized by an uncharacterized enzyme to generate an unstable intermediate that is reduced by an NADPH-requiring reductase for the formation of a common secodine-type intermediate, which is deacetoxylated by HL1 and HL2 to form catharanthine and tabersonine (Qu et al., 2018a) . To identify the remaining enzyme components required, C. roseus leaf proteins were fractionated by ion-exchange ( Figure S1a ) and sizeexclusion chromatography ( Figure S1b ). Fractions that consumed OAS as well as surrounding fractions missing this activity were collected from sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) gels (Mr, 45-62 kDa; Figure S1c ) and analyzed by LC-MS/MS for differential protein identification. Proteins that were enriched during each purification step were identified to generate a shortlist of 71 genes that include four putative oxidases [ethylene-forming dioxygenase; FAD oxidoreductase; ACC oxidase; and a FAD-binding berberine bridge enzyme (BBE)-like oxygenase (or ASO); Data S1].
Meanwhile, an ethyl methane sulfonate (EMS)-derived C. roseus mutant (M2-10698) was identified that accumulated 5.2 mg of OAS per g fresh weight of young leaves (Figure 2a and c) , at the expense of catharanthine, vindoline and vindorosine that each declined by 92, 99 and 99%, respectively, compared with the wild-type (WT) parent (Figure 2a and c) . This result suggested that the high OAS phenotype might be due to gene inactivation or reduced expression of the gene product involved in OAS metabolism. For example, a single amino acid substitution for tabersonine 3-reductase (H189Y) in another EMS (M2-1865) mutant diminished enzyme activity by more than 95% compared with the WT enzyme, and accounted for the accumulation of 2,3-epoxides of tabersonine and 16-methoxytabersonine instead of vindorosine and vindoline (Edge et al., 2018) . While the transcript levels between WT and M2-10698 were the same for the all putative oxidases, including the BBE-like oxygenase (Figure 2e , termed ASO), the sequence of this RNA transcript (comp4383, Data S1) contained a single base substitution (C562T) in the mutant background that modified its protein sequence by one amino acid (R188W; Figure 2e) .
The in vivo function of the BBE-like oxygenase was also tested by virus-induced gene silencing (VIGS) in C. roseus cv. Little Delicata that reduced transcript levels by 83.8% compared with empty vector (EV) controls (Figure 2f ). Leaves of silenced plants accumulated OAS (1.22 mg g À1 fresh weight), while catharanthine and vindoline levels were reduced by over 60 and 26%, respectively, compared with EV controls (Figure 2b and d) . The similar phenotypes of M2-10698 mutant and the VIGS-silenced plants confirmed the involvement of this BBE-like oxygenase and led to further biochemical characterization of the recombinant enzyme.
The recombinant BBE-like oxygenase catalyzes the disappearance of O-acetylstemmadenine
The C-terminal his-tagged recombinant WT and mutant BBE-like oxygenases were transiently expressed and purified from Nicotiana benthamiana ( Figure S2a-c) , as expression in Escherichia coli, yeast and Pichia pastoris ( Figure S2d -f) failed to produce soluble and/or active enzymes. While OAS was stable in the incubation mixture (Figure 3a) , purified recombinant ASO from tobacco catalyzed the disappearance of OAS (m/z 397) without detection of any products (Figure 3b) . Similarly, NADPH-containing recombinant ASO and GS enzyme assays ( Figure 3c ) or with the addition of hydrolases 1-4 (Figure 3d ) catalyzed the disappearance of OAS without detection of any products. The apparent lability of the possible intermediates generated in these different enzyme assays was previously observed with C. roseus total leaf proteins that catalyzed the disappearance of OAS in the absence of NADPH (Qu et al., 2018a) . Based on its in vitro activity and the similarity to BBE oxygenase, this enzyme was named as ASO (Genbank # MH136588).
Formation of catharanthine, tabersonine and vincadifformine from O-acetylstemmadenine requires a concerted reaction involving O-acetylstemmadenine oxidase, geissoschizine synthase and hydrolases 1-4, respectively
The involvement of ASO in the biochemical conversion of OAS to an unidentified intermediate triggered a search for the missing candidate NADPH-dependent reductase required for completion of the vinblastine/vincristine pathway. Previously we proposed that the formation of catharanthine and tabersonine requires the oxidation of OAS to an iminium intermediate that is subsequently reduced to an enamine (Qu et al., 2018a;  Figure 1 ). In this pathway, two CAD-type reductases were shown to catalyze such a reduction: GS that reduces the iminium intermediate 4,21-dehydrogeissoschizine to 19E-geissoschizine (Qu et al., 2018b) ; and Redox1 that reduces an unstable iminium intermediate to an unstable enamine intermediate that is further reduced by Redox2 (Qu et al., 2018a) . As a result, candidate CAD reductases were selected from a C. roseus epidermis-enriched cDNA dataset previously used for identifying several catharanthine/ tabersonine pathway genes (Levac et al., 2008; Qu et al., 2015 Qu et al., , 2018a . Eight candidate genes were expressed in E. coli, and each His-tagged reductase was tested after purification in a coupled assay containing OAS and NADPH substrates as well as ASO, a candidate Histagged reductase and HL2 that is responsible for the formation of tabersonine from the reaction product of ASO and the appropriate reductase ( Figure S3 ). The coupled reaction without His-tagged reductases did not generate any reaction products ( Figure S3 ), while only the addition of GS to this coupled reaction converted OAS to tabersonine (Figures 2f and S3 ), to traces of vincadifformine (14,15-dihydrotabersonine; 6.4 min, m/z 339), and to an unknown MIA (5.2 min, m/z 337; Figure 2f ). When the coupled assay containing recombinant ASO and GS was (f) Relative ASO gene expression by q-PCR from EV and VIGS-ASO young leaves. Data were generated from five biological replicates and error bars represent standard deviation. Student's t-test was performed for each dataset: ***P < 0.001 or **P < 0.01. incubated with OAS and NADPH substrates in the presence of purified recombinant HL1 that is responsible for the formation of catharanthine from the reaction product of ASO and GS (Qu et al., 2018a) , OAS was converted mainly to catharanthine (Figure 3e ). The same coupled reaction in the presence of purified recombinant hydrolase 3 (HL3) or 4 (HL4), identified from the C. roseus epidermis-enriched EST dataset (Qu et al., 2018a) , catalyzed the formation of vincadifformine and other unknown MIAs (Rt 5.5 and 6.8 min, m/z 339; Figure 3g and h). Without the addition of GS, enzyme assays containing OAS and ASO only catalyzed the disappearance of OAS (Figure 3b) , and the same results were obtained without the addition of any of the hydrolases (Figure 3c ) or GS (Figure 3d ). Together, these biochemical assays show that ASO, GS and HL1-4 are sufficient to convert OAS into catharanthine, tabersonine and vincadifformine, respectively.
The M2-0754 mutant with reduced GS activity displays reduced tabersonine-forming activity compared with wildtype in coupled enzyme assays
The biological relevance of GS for this conversion was investigated in an EMS mutant (M2-0754) that expresses 86% lower GS transcripts compared with the WT (Qu et al., 2018b) . The expression profile of GS at different stages of leaf maturation (leaf pairs 1-3) shows that the M2-0754 mutant expresses less than 20% of this transcript compared with the WT (Figure S4a ), while expression of DPAS ( Figure S4b ) is low but very similar in both backgrounds. These results suggest that the decline of GS transcript in the M2-0754 line rather than those of DPAS may be responsible for the 50% decline of catharanthine, vindoline and vindorosine observed in the mutant when compared with the WT (Qu et al., 2018b) . The ratio of GS to DPAS expression in whole WT leaf pairs 1-3 was at least 100-fold higher (Figure S4c) , while the leaf epidermis enrichment of GS/ DPAS was approximately 80-fold ( Figure S4d ). This low level of expression of DPAS raised questions about its proposed involvement (Caputi et al., 2018) in the formation of iboga/aspidosperma MIAs.
Because GS appears to have two separate biochemical functions, the declines in iboga/aspidosperma MIAs could be attributed to the diminished biosynthesis of 19E-geissoschizine or of the reactive intermediate used by the HL1 or HL2 to form catharanthine or tabersonine, respectively. The biological relevance of GS for the latter conversion was tested in ASO-GS-HL2-coupled enzyme assays containing total leaf protein isolated from WT or from the EMS mutant (M2-0754). Enzyme assays with purified OAS and HL2 with M2-0754 leaf protein resulted in a 57% decline in tabersonine-forming activity compared with the same assays performed with WT leaf protein (Figure 4b ). These results provide important clues for the in planta role of GS in the assembly of catharanthine, tabersonine and vincadifformine. The identical low levels of DPAS transcript in the mutant and in the WT ( Figure S4b ) suggest the similar DPAS enzyme levels present in the two backgrounds could not account for the changes observed (Figure 4b ).
DISCUSSION
The in vitro and in vivo studies of ASO and GS complete the long-anticipated vincristine/vinblastine biosynthetic pathway in C. roseus (Figure 1) . A series of highly malleable intermediates and by-products occurring throughout the pathway highlight the plasticity of MIA formation that gives rise to extreme MIA diversity. In C. roseus, geraniol is converted to the iridoid precursor secologanin via a nine-step biosynthetic pathway (Geu-Flores et al., 2012; Asada et al., 2013; Salim et al., 2013 Salim et al., , 2014 Miettinen et al., 2014; Brown et al., 2015) . In leaf epidermis, secologanin is coupled with tryptamine to form strictosidine that is hydrolyzed through b-glucosidase activity to form highly reactive aglycones. GS reduces strictosidine aglycones to geissoschizine (Qu et al., 2018b) that is subsequently converted via a three-step concerted reaction involving GO, Redox1 and Redox2 to form stemmadenine (Qu et al., 2018a) . The O-acetylation of stemmadenine by SAT generates the intermediate OAS that is converted by the concerted action of ASO, GS, HL1 and/or HL2, leading to the formation of catharanthine and tabersonine, respectively. From this point, catharanthine is secreted to the leaf surface (Roepke et al., 2010; Yu and De Luca, 2013) , and tabersonine is converted through five enzymes to form desacetoxyvindoline, which is transported to specialized idioblast/laticifer cells for a two-step conversion to form vindoline (De Luca et al., 1985; De Carolis and De Luca, 1993; Levac et al., 2008; Liscombe et al., 2010; Besseau et al., 2013; Qu et al., 2015) . Coupling catharanthine and vindoline by a peroxidase provides 3',4'-anhydrovinblastine (Sottomayor and Ros Barcel o, 2003) , the dimeric MIA that could be modified into the powerful anticancer drugs vincristine/vinblastine.
The leaf epidermis of Catharanthus roseus is highly enriched in the O-acetylstemmadenine oxidase transcripts compared with whole leaves Depending on the transcript loganic acid-O-methyltransferase (LAMT), GS, GO, Redox1, Redox2, SAT, ASO, HL1, HL2 and tabersonine 3-oxidase (T3O) were enriched 41. 3-, 5.34-, 4.56-, 9.79-, 17.4-, 45.4-, 540-, 4.86-, 16 .3-and 65-fold, respectively, in C. roseus leaf epidermis compared with the whole leaf when examined by quantitative reverse transcription-polymerase chain reaction (q-PCR; Table S1 ). The role of ASO in the pathway was shown in ASO-VIGS experiments (Figure 2 ) that resulted in quantitative declines of catharanthine and to some extent vindoline in favor of the accumulation of OAS. Similar ASO-VIGS experiments (Caputi et al., 2018) only reported qualitative results of OAS detection without reporting any changes in catharanthine or vindoline levels in silenced lines. The additional identification of an ASO mutant in the present study provided much stronger quantitative evidence as catharanthine, vindoline and vindorosine levels had dropped by over 90-99% in favor of OAS that accumulated at high levels in this line. Enzyme assays with purified recombinant WT and mutant ASO showed that mutant ASO was 93% less active than the WT enzyme (Figure 2) , and confirmed that the single amino acid substitution (R188W) greatly suppressed its ASO enzyme activity resulting in the high OAS/low catharanthine + vindoline + vindorosine phenotype observed in the M2-10698 mutant (Figure 2a and c) . It should be mentioned that OAS was almost completely extracted in chloroform, suggesting it to be present close to or on the leaf surface where catharanthine is also found (Figure 2a ; Roepke et al., 2010) . The M2-10698 mutant is an excellent source of OAS (5.2 mg per g fresh weight), just as other mutant lines that have been identified as sources of tabersonine epoxide (Edge et al., 2018) and ajmalicine (Qu et al., 2018b) . All higher plants contain numerous genes belonging to the BBE family whose biochemical functions remain to be characterized. Members of this family retain the binding sites for FAD through specific His and Cys residues that appear to be lacking in ASO. The existence of ASO homologs (68-74% amino acid identities) in other Apocynaceae plant species such as Vinca minor, Tabernaemontana elegans, and Amsonia hubrichtii (https://bioinformatics.tugra z.at/phytometasyn/) that also lack these FAD-binding sites may be involved in the assembly of similar MIAs by a conserved mechanism for their biosynthesis. (a) Enzyme assays with purified recombinant WT and mutant (M2-10698; R188W) ASO showed that mutant enzyme activity is 93% lower than the WT ASO. Data were collected from two independent transient expression trials with three technical replicates for each sample, and error bars represent standard deviation. (b) Enzyme assays using M2-0754 leaf protein are 57% less active than those containing WT leaf protein. Data were collected from three independently prepared leaf protein samples with two technical replicates for each sample, and error bars represent standard deviation. Student's t-test was performed for each dataset: ***P < 0.001.
The leaf epidermis of Catharanthus roseus is highly enriched in bifunctional geissoschizine synthase transcripts, while those of dihydroprecondylocarpine synthase are poorly expressed and are preferentially expressed in other leaf tissues Geissoschizine synthase possesses a dual activity in the conversion of 4,21-dehydrogeissoschizine to 19E-geissoschizine and in the conversion of the ASO reaction product to the unstable intermediate used by HL1 to HL4 in the formation of catharanthine, tabersonine and vincadifformine (Figures 1, 3 and 4) . We propose that an iminium intermediate is generated by ASO, which is reduced by GS to form an enamine that is deacetoxylated by HL1 and HL2 with a synchronized [4 + 2] cycloaddition for the formation of catharanthine and tabersonine (Figure 1 ). An analogy may be drawn from the GS-mediated reduction of the iminium intermediate 4,21-dehydrogeissoschizine to form the enamine 19E-geissoschizine and the similar reduction catalyzed by Redox1, another CAD-type enzyme involved in the assembly of MIAs (Qu et al., 2018a) . Some evidence for the oxidation of OAS to precondylocarpine by ASO and its reduction to dihydroprecondylocarpine by the reductase has been presented (Caputi et al., 2018) , and is consistent with the reaction intermediates proposed in the present report and in our previous study (Qu et al., 2018a) .
Dihydroprecondylocarpine synthase that also reduces the unstable intermediate generated by ASO (Caputi et al., 2018) shares 48% amino acid identity with GS and is a member of the large family of CADs. While GS expression was enriched over fivefold in leaf epidermis, DPAS was only enriched 0.65-fold compared with the whole leaf, like the low enrichments observed for desacetoxyvindoline 4-hydroxylase (D4H; 0.166-fold) and deacetylvindoline 4-Oacetyltransferase (DAT; 0.861-fold; Table S1 ) that are localized to other specialized C. roseus mesophyll cells (St Pierre et al., 1999) . DPAS-VIGS experiments (Caputi et al., 2018) only reported trace detection of the expected MIA substrate without reporting the declines of catharanthine/ vindoline that should have occurred in silenced lines if DPAS was involved in this biosynthetic pathway. These data together with the 100:1 GS to DPAS expression ratios ( Figure S4 ) in C. roseus leaves suggest that while DPAS may be functional (Caputi et al., 2018) , it raises questions about its role in the in planta assembly of MIAs required for the biosynthesis of vincristine/vinblastine. When GS was silenced by VIGS, high levels of ajmalicine accumulated at the expense of catharanthine and vindoline, displaying the same phenotype observed for the high ajmalicine, low GS-expressing mutant line M2-0754 compared with WT (Qu et al., 2018b) . The accumulation of ajmalicine in the mutant was attributed to the reduced turnover of 4,21-dehydrogeissoschizine and increased expression of the ajmalicine branch pathway. The present study suggests that the second function of GS as the penultimate step in the formation of catharanthine and tabersonine may also be a contributing factor in reducing the formation of iboga and aspidosperma MIAs. The reduced GS gene expression in line M2-0754 suggested that leaves from the mutant should have lower GS activity than those of WT leaves. Using this information, coupled ASO-GS-HL2 enzyme assays clearly showed that mutant protein extracts contained reduced tabersonine-forming activities compared with those using WT extracts (Figure 4) . Because DPAS transcript levels were identical in the mutant background compared with those found in WT, tabersonine-forming activity should not have declined if DPAS was responsible for this reaction. DPAS was cloned and expressed in E. coli to produce recombinant enzyme. While both affinity-purified recombinant enzymes efficiently converted OAS to tabersonine, catharanthine or vincadifformine, the specific activity of recombinant DPAS was about threefold higher than that of GS ( Figure S5 ). Together, the in vitro activities of GS and of recombinant GS (Figure 2 ), its epidermal localization compared with DPAS (Table S1 ), its very high GS to DPAS transcript ratio in leaves, and the reduced tabersonine-forming activity of GS isolated from the M2-0754 mutant (Figure 3b ) suggest that GS is responsible for in planta catharanthine/tabersonine/vincadifformine biosynthesis. While DPAS is also an effective enzyme in this reaction ( Figure S5 ), it is unfortunate that appropriate VIGS results were not reported (Caputi et al., 2018) , clouding the actual role of DPAS in MIA assembly.
Hydrolases 1-4 belong to a poorly characterized family of type 1 carboxylesterases in the a/b-hydrolase fold superfamily
The terminal reactions in the formation of tabersonine, catharanthine and vincadifformine involve deacetoxylation/ cyclization of an unstable intermediate in the presence of HL1, HL2 and HL3 or HL4, respectively. Unlike HL3 and HL4, HL1 and HL2 appear to be preferentially expressed in the leaf epidermis (Table S1 ) where they participate in the formation of catharanthine and tabersonine. This group of HLs is phylogenetically related to a poorly characterized family of type 1 carboxylesterases in the a/b-hydrolase fold superfamily (Nomura, 2017) . The initial members of this family to be functionally characterized were liquorice and soybean 2-hydroxyisoflavone dehydratases (Akashi et al., 2005) , followed by apple (Souleyre et al., 2011) and tomato (Goulet et al., 2012) fruit volatile esterases, tuliposide-converting enzyme (Nomura et al., 2012) , and acylsugar hydrolase (Schilmiller et al., 2016;  Figure S6 ). These functionally characterized enzymes have 35-45% amino acid sequence identity to C. roseus HL1-HL4, whereas 3-O-acetylpapaveroxine carboxylesterase involved in noscapine biosynthesis in Opium poppy (Dang et al., 2015) displayed much lower amino acid sequence similarity to the C. roseus enzymes. Several HLs identified from A. hubrichtii, C. roseus, T. elegans and V. minor contain most of the conserved Ser-Asp-His catalytic triad and the HGG motifs characteristic of these functionally characterized enzymes and of the a/b-hydrolase fold superfamily ( Figure S6 ; Nomura, 2017) . The biochemistry of these functionally characterized enzymes suggests that some type 1 carboxylesterases such as the HL1, 2, 3 and 4 have ester hydrolyzing functions, while others have non-ester hydrolyzing activities.
The original discovery of HL1 and HL2 involved VIGS of each gene to show that lines silenced for HL1 only accumulated 20% of the normal levels of catharanthine found in control plants, while those silenced for HL2 only accumulated about 35% of the normal levels of vindoline found in control plants (Qu et al., 2018a) . It is relevant that silencing HL1 shifted MIA flux toward increased accumulation of vindoline, while silencing of HL2 shifted it toward increased accumulation of catharanthine as would be expected if a common intermediate was involved for the formation of these two MIAs. While a recent study (Caputi et al., 2018) repeating these VIGS experiments generated smaller declines of each MIA, it corroborated the original discovery (Qu et al., 2018a) identifying HL1 and HL2 as the hydrolases involved in the terminal reactions to form catharanthine and tabersonine, respectively. The same study (Caputi et al., 2018) and results presented here (Figure 3) show that tabersonine and catharanthine formation from OAS could be reconstituted by combining three recombinant enzymes. It is relevant that HL1 and HL2 were perhaps more appropriately renamed catharanthine synthase and tabersonine synthase (Caputi et al., 2018) , respectively.
Unlike C. roseus leaves and other above-ground organs that convert tabersonine mostly to vindorosine and vindoline, roots are suggested to convert this MIA to h€ orhammericine and echitovenine. The pathways for the formation of h€ orhammericine involve the conversion of tabersonine (Figure 1 ) to its 14,15-epoxide by a cytochrome P450 (Rodriguez et al., 2003) that has recently been characterized by the isolation and functional characterization of two separate tabersonine 14,15-epoxidases (Carqueijeiro et al., 2018) . H€ orhammericine is then formed by a 19-hydroxylation that is mediated by another cytochrome P450 that has been functionally characterized (Giddings et al., 2011) . The formation of vincadifformine has been proposed to occur through enzymatic reduction of the 14,15-double bond of tabersonine (Carqueijeiro et al., 2018) . The conversion of OAS to vincadifformine (Figure 3 ) in coupled enzyme assays containing ASO and GS together with HL3 or HL4 make it unlikely that tabersonine is the immediate precursor for the formation of this MIA. These results show the same common reactive intermediate generated from OAS by the action of ASO and GS is converted by HL1 to form catharanthine, by HL2 to form tabersonine, and by HL3 or HL4 to form vincadifformine. The formation of echitovenine (19-O-acetylvincadifformine) therefore appears to branch off prior to the formation of tabersonine. With these discoveries, the elucidation and metabolic engineering of a variety of MIA biosynthetic pathways from C. roseus and other MIA-producing plants becomes possible.
EXPERIMENTAL PROCEDURES
Plant material and purification of O-acetylstemmadenine oxidase from Catharanthus roseus leaf total protein Desalted total leaf protein (80 mg) was applied to a MonoQ â FPLC â column at 0.5 ml min À1 flow rate in buffer [25 mM Tris pH 7.5, 1 mM dithiothreitol (DTT)], and 0.5-ml fractions were collected with increasing NaCl concentration. Fractions were tested for SAT, DAT, tetrahydroalstonine synthase and ASO activity (OAS consumption). Active fractions (NaCl 50-125 mM) were pooled and separated by Sephadex â G150 column at 0.2 ml min À1 flow rate in buffer (25 mM Tris pH 7.5, 100 mM NaCl, 1 mM DTT), and 0.5-ml fractions were collected. Fractions were tested for DAT and ASO activity. Active fractions were pooled. Active fractions and inactive fractions were resolved on SDS-PAGE, gel slices of various fractions were excised, and samples were analyzed by in-gel LC-MS/ MS (http://sams.ucalgary.ca/). Candidate oxidases were selected based on their enrichment in various fractions. The details can be found in Figure S1 and Data S1.
Mutant screening by thin-layer chromatography
Ethyl methane sulfonate-generated C. roseus cv. Pacific peach mutant seeds (M2 generation) were provided by Ball Seed (West Chicago, IL, USA), and were cultivated under greenhouse conditions (28°C, using 16 h light and 8 h dark photoperiod). The third leaf pairs of 1-month-old seedlings were submerged in 3 ml chloroform for 1 h. Chloroform extracts were dried, dissolved in 250 ll methanol and centrifuged at 16 000 g for 2 min. Aliquots (10 ll) of the supernatant were separated by thin-layer chromatography (TLC; silica gel 60 F 254 , http://www.emdmillipore.com) with ethyl acetate:methanol 9:1 (v/v). The TLC plates were exposed to 254 or 365 nm wavelengths to look at alkaloid profiles. The emergence of new spot profiles identified candidate mutants MIA content, and these were selected for further analysis. This method revealed several EMS-mutants with altered MIA profiles, including M2-10689 that accumulated OAS.
Virus-induced gene silencing and leaf monoterpenoid indole alkaloid extraction of virus-induced gene silencingtreated plants Catharanthus roseus cv. Little Delicata seeds were germinated and cultivated in the greenhouse (28°C, 16/8 h photoperiod) with VIGS being initiated after 4 weeks of cultivation as described previously (Qu et al., 2015 (Qu et al., , 2018a . Virus-infected plants were cultivated at a lower temperature (20°C) using the same photoperiod, and selected leaves were harvested for analysis when silencing was observed in leaves of control plants where chlorophyll biosynthesis was impeded (Qu et al., 2015 (Qu et al., , 2018a . VIGS-silenced leaves were harvested for RNA and alkaloid analysis as described previously (Qu et al., 2015 (Qu et al., , 2018a .
Cloning of O-acetylstemmadenine oxidase and vector construction for expression in Nicotiana benthamiana, Saccharomyces cerevisiae and Pichia pastoris Full-length cDNA of ASO was amplified with primer set (1/2), extended with gateway universal primer set (3/4), and mobilized to pEQA-HT-DEST3 vector for transient expression in N. benthamiana, using gateway â B/P and L/R clonase (ThermoFisher Scientific, Waltham, MA, USA) according to manufacturer's protocols. For expression in E. coli, full-length ASO was amplified with primer set (5/6), cloned into NotI/SacI sites in pET48b+ vector, and mobilized to E. coli BL21-DE3 strain. The full-length ASO was amplified with primer set (5/7) and cloned to pESC-Leu vector within NotI/ SpeI sites for expression in yeast. For expression in P. pastoris, nt 73-1590 (signal peptide deletion) of ASO was amplified with primer set (8/9) and cloned to pPINK-alphaHC vector within StuI/KpnI sites, which resulted in a fusion ASO protein with N-terminal yeast-alpha-mating-signal peptide. For VIGS experiments, ASO fragment was amplified with primer sets (10/11), digested with EcoRI and mobilized to pTRV2 vector in EcoRI site. The primers are listed in Table S2 . The pEQA-HT-DEST3-ASO vector was mobilized to Agrobacterium tumefaciens strain LBA4404 for protein expression in N. benthamiana. pTRV2-ASO vector was mobilized to A. tumefaciens strain GV3101. pESC-Leu-ASO vector was mobilized to S. cerevisiae strain BY47471 (MATa his3D1 leu2D0 met15D0 ura3D0 YPL154c::kanMX4).
Transient expression of O-acetylstemmadenine oxidase in
Nicotiana benthamiana and purification of recombinant protein Overnight cultures of 50 ml A. tumefaciens strain LBA4404 containing pEAQ-HT-DEST3-ASO (WT or M2-10698) were collected and diluted in buffer (10 mM MES pH 5.6, 10 mM MgCl 2 and 200 lM acetosyringone) to OD 600 0.8. After a 2-h incubation at 28°C, the suspension was used to infiltrate 1-month-old N. benthamiana leaves with a syringe. Infiltrated leaves (8 g) were harvested after 72 h and ground to a fine powder with liquid N 2 . The leaf material was extracted in buffer [20 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 10% (v/v) glycerol], and centrifuged at 4°C for 30 min at 16 000 g. The supernatant was incubated with 1 ml Ni-NTA resin at 4°C for 20 min, washed with 30 ml wash buffer [20 mM Tris-HCl pH 7.5, 100 mM NaCl, 30 mM imidazole, 1 mM DTT, 1 mM PMSF and 10% (v/v) glycerol], and eluted with elution buffer [20 mM Tris-HCl pH 7.5, 100 mM NaCl, 200 mM imidazole and 10% (v/v) glycerol], desalted and stored at À80°C.
Plant leaf protein extraction
Catharanthus roseus leaves (10 g) frozen in liquid nitrogen and ground to a fine powder were extracted with 10 ml buffer [25 mM Tris pH 7.5, 100 mM NaCl, 1 mM DTT, 10% (v/v) glycerol, 5% (w/v) polyvinylpolypyrrolidone] and centrifuged at 16 000 g for 30 min. The supernatant was desalted in the same buffer and stored at À80°C for use in enzyme assays.
In vitro enzyme assays
A typical enzyme assay (200 ll) contains 25 mM Tris-HCl at pH 8.5, 1 mM NADPH, 4 lg OAS, 0.2 lg recombinant ASO purified from N. benthamiana, 50 lg GS, and 2 lg HL1, 2, 3 or 4 purified from E. coli. The reaction took place at 30°C for 1 h. Ethyl acetateextracted products were redissolved in methanol for LC-MS analysis. To measure the activity of recombinant ASO of WT and M2-10698, enzyme assays contained 0.2 lg WT-ASO or 2 lg M2-10698-ASO without NADPH for 10 min at 30°C, and the activity was measured as consumption of OAS. To measure GS activity in WT and M2-0754 plants, enzyme assays contained 250 lg desalted total leaf protein, 0.2 lg WT-ASO and 2 lg HL2 at 30°C for 1 h. The latter activity was measured as the formation of tabersonine.
RNA extraction, cDNA synthesis and quantitative reverse transcription-polymerase chain reaction Young leaves [10-30 mg of leaf pair 1 (LP-1)] were powdered with a mortar and pestle in the presence of liquid nitrogen, and were mixed with 0.5 ml of Trizol â reagent (Invitrogen, Carlsbad, CA, USA) for whole-leaf RNA isolation. Leaf epidermis-enriched RNA was harvested by the carborundum abrasion of 5 g of LP-1 as described previously (Levac et al., 2008) . The generation of cDNA and q-PCR analyses were carried out as described previously (Qu et al., 2015 (Qu et al., , 2018a , and used 60S ribosome RNA as the internal control. The q-PCR primers (11-28) are listed in Table S2 .
Monoterpenoid indole alkaloid analysis by ultraperformance liquid chromatography-mass spectrometry
Monoterpenoid indole alkaloid analysis were performed by ultraperformance liquid chromatography-mass spectrometry (www. waters.com) as described previously (Qu et al., 2015 (Qu et al., , 2018a .
Saccharomyces cerevisiae or in Pichia pastoris expression systems. Figure S3 . Only geissoschizine synthase (GS) catalyzed the formation of tabersonine in coupled assays with recombinant ASO and HL2 enzymes in the presence of O-acetylstemmadenine and NADPH as substrates. Figure S4 . Expression profiles of GS and DPAS in C. roseus leaves and leaf epidermis by q-PCR. Figure S5 . Comparison of GS and DPAS in vitro activity in coupled assays containing O-acetylstemmadenine substrate, ASO, GS or DPAS, and HL2. Figure S6 . Amino acid sequence alignment of class I carboxylesterases/hydrolases. Table S1 . Relative expression of MIA pathway genes in leaf epidermis (three technical replicates) compared with whole-leaf tissue (three biological replicates) Table S2 . List of primers used in this study Data S1. SDS-PAGE gel fragments analyzed by LC-MS/MS identify 71 proteins including four target oxidases after partial purification of ASO from C. roseus leaf total protein.
